activity that is frequently used to identify cells as endothelial.
Taken together these findings indicate that a potent inductive Ovarian follicular granulosa cells express temporally and capacity develops within the maturing follicle, based on the spatially distinct functions throughout the follicle cycle.
endothelial-like secretions of the enclosed granulosa. It is During the entire cycle, granulosa cells exhibit an unusually widely held that one of the primary purposes for this capacity broad range of activities including the secretion of steroid is the promotion of cellular and angiogenic events which are hormones, enzymes, growth factors and cytokines. To date, external to the granulosa cells of the follicle but which are, the identity(ies) of these cells (lineage/cell type) remains nonetheless, required for normal follicle growth, ovulation, unknown. We demonstrate expression of the Tie, Tek, cKit, and corpus luteum formation. For the preovulatory follicle, Flt-1, CD-31 and vWF proteins and the ability to rapidly the production of angiogenic factors by granulosa cells may internalize acetylated low density lipoprotein among influence the degree of expansion of the perifollicular capillary mural and cumulus subpopulations of human and murine bed and, as a consequence, increase the levels of intrafollicular follicular granulosa cells. In addition, we provide evidence oxygen. Following ovulation in healthy young women, factors that human and murine granulosa cells can engage in tubeproduced by the granulosa cells may stimulate angiogenesis forming activity in vitro. To the best of our knowledge, within the vessels of the theca interna and direct both their the six phenotypic and two functional markers examined entry and participation in the formation of the corpus luteum. during this study, as a group, are associated only with However, the angiogenic potential associated with the endothelial or endothelial-like cells. In total, the findings follicle, as a result of the synthetic activities of the granulosa suggest that some granulosa cells may have the potential cells, may affect the vascular behaviour(s) of cells within, as to actively participate in the vascularization of the corpus well as outside, the bounds of the follicle's basal lamina. luteum, by way of an inherent capacity which is likely to Specifically, this angiogenic potential may, in part, elicit and be a characteristic of their unique identity and lineage. support the expression of specialized vascular functions among This inherent capacity of granulosa cells to behave and subpopulations of the granulosa cells themselves. Some of respond, at least to some extent, like endothelial cells may these vascular functions may be of particular importance during be of possible importance in the aetiology of certain the early stages of corpus luteum formation. Here, we provide follicular pathologies.
evidence that human and murine follicular granulosa cells Key words: capillary-like structures/corpus luteum/endothelial express a unique set of phenotypic (Tie, Tek, cKit, Flt-1, cell granulosa cells/vasculogenesis CD-31, vWF proteins) and functional (rapid AcLDL uptake and tube-forming ability in vitro) markers which, taken together, characterize them as specialized, endothelial-like cell Introduction populations. Ovarian follicular granulosa cells synthesize and secrete a wide variety of growth factors and cytokines. Many of these Materials and methods proteins are potent effector molecules of endothelial function(s), the majority are also known to be produced by Isolation of human cumulus and mural granulosa cells, murine endothelial cells. Granulosa cells have also been shown to cumulus granulosa cells and human and murine cumulus cellproduce endotheliotropic chemoattractants (Katz et al., 1992) oocyte complexes and mitogens (Rose and Koos, 1988) , plasminogen activators Human granulosa cells were recovered from women undergoing IVF (Karakji and Tsang, 1995) and their corresponding inhibitors procedures after ovarian stimulation and ovulation induction (Van (Piquette et al., 1993) , metalloproteinases (collagenases and Blerkom et al., 1995) . Cultures of human cumulus granulosa cells were obtained from cumulus cell-oocyte complexes (COC), following gelatinases) (Aston et al., 1996) , anticoagulant heparin sulphate their dissociation from the oocyte. Cultures of human mural granulosa their reactivity towards an antibody directed against the murine CD-31 protein [PECAM-1 (M20, 6 µg/ml) Santa Cruz Biotechnology]. cells were established using cells recovered from the walls of preovulatory follicles punctured during oocyte retrieval procedures.
Following reaction with primary antibodies, samples were exposed to secondary antibody solutions containing a 1:100 dilution of a Cell suspensions of human mural and cumulus granulosa cells were: (i) plated onto uncoated, sterile glass coverslips 1-3 days after initial goat anti-rabbit fluorescein isothiocyanate (FITC) conjugate, a 1:200 dilution of rabbit anti-goat FITC conjugate or, in the case of the recovery for immunofluorescent analyses, (ii) seeded into dishes, in some cases coated with specialized substrate material(s), for the analysis of paraffin sections of mouse ovaries, a 1:100 dilution of a goat anti-rabbit biotin conjugate (all from Sigma), as appropriate, for analysis of tube-forming potential (see below), or (iii) were utilized in 35 S-labelling experiments in preparation for immunoprecipitation 2 h at 4°C. To confirm the specificity of the cKit, Flt-1, CD-31, Tie and Tek and Western analysis (cumulus granulosa cells only). For immunofluorescent analyses, cells were routinely grown for an additional antibodies utilized during this investigation, solutions containing these antibodies were preincubated with their corresponding 1-4 days on glass coverslips, prior to fixation. During this culture period, cells were maintained in Dulbecco's modified Eagle's medium immunizing peptides (the peptides used to generate the antibodies) (cKit, SC-168P; Flt-1, SC-316P; CD-31, SC-506P; Tie, SC-342P; (DMEM) low glucose medium (1 g/l) (Gibco BRL, Grand Island, NY, USA) supplemented with 10% fetal calf serum (Research Sera, Tek, SC-324P; Santa Cruz Biotechnology) at a concentration 20-fold (Flt-1 and CD-31 blocking peptide analysis associated with murine Summit Biotechnology, Fort Collins, CO, USA) and 10 µg/ml gentamicin (Gibco BRL). Human cumulus and mural granulosa cells COC) or 40-fold (all other blocking peptide analyses) that were used for the primary antibody, for 2 h at 37°C. Following this preincubation grown on coverslips were fixed and permeabilized as previously described (Antczak and Van Blerkom, 1997b) .
period, human cumulus granulosa cells or murine COC were reacted with each of these 'blocked' antibody solutions as well as standard On a few occasions, excess human COC were donated by patients undergoing gamete intra-Fallopian transfer procedures. These supernon-'blocked' antibody solutions and examined for their immunoreactivity. Following incubation with 'blocked' and non-'blocked' numerary complexes were fixed intact, shortly after recovery, in a phosphate-buffered saline (PBS) solution containing 3.7% formaldeprimary antibody solutions, samples were reacted with the appropriate secondary antibody solutions (see above) and examined as hyde (pH 7.3) for 1-2 h (depending on the size of the complex) at room temperature. Fixed human COC were processed further, as described below. During the analysis of the vWF protein, positive [human umbilical described below, in preparation for immunostaining.
Murine cumulus granulosa cells studied as part of freshly isolated vein endothelial cells (HUVEC)] and negative [human fibroblasts (HF)] cellular control populations were utilized to confirm the COC were derived from immature follicles and mature preovulatory and ovulated follicles. Granulosa precursor cells were analysed as specificity of the antibody, at the concentrations used.
To control for non-specific antibody interactions and the levels part of freshly isolated intact primordial follicles derived from the ovaries of 1 week old mice. Freshly isolated murine COC, at all of background immunofluorescence associated with each group of specimens examined, antibody control analyses were conducted stages, and freshly isolated, intact primordial follicles were fixed in a PBS solution containing 3.7% formaldehyde (pH 7.3) for 1 h at using non-specific rabbit or goat IgG primary antibodies (SC-2027 and SC-2028; Santa Cruz Biotechnology), in accordance with previously room temperature. These fixed specimens were processed further, as described below, in preparation for immunostaining.
described protocols (Antczak and Van Blerkom, 1997a,b) . During each of the fluorescent analyses described above, results In most cases, human COC and preovulatory and ovulated murine COC were exposed to a limited hyaluronidase (Sigma Biochemicals, were determined using a standard epifluorescent microscope and/or a scanning laser confocal microscope with filter sets optimized St Louis, MO, USA) digestion, either prior to or following fixation, in order to 'trim' away excessive layers of outlying cumulus granulosa for the detection of FITC-or Texas Red-associated fluorescence (paraffin sections). cells and expose underlying follicle cells more proximal to the oocyte. No differences in immunoreactivity were detected in specimens
The Tie, Tek, cKit, Flt-1 and CD-31 antibodies utilized during these studies were selected because each was developed using a exposed to hyaluronidase either prior to or following formaldehyde fixation.
peptide sequence representing a cytoplasmic, C-terminal region of their respective molecules. These antibodies should not recognize Fixed human and murine COC and the intact follicles of 1 week old mice were permeabilized in a PBS solution containing 0.1% secreted, soluble forms of the full-length molecules to which they are targeted if those secreted, soluble forms lack their cytoplasmic, Triton X-100 (Sigma) and 0.1% NP40 (Sigma) for 1-2 h at room temperature, prior to antibody analysis. Permeabilized complexes and C-terminal domains. intact follicles were washed in PBS containing 1% bovine serum albumin (BSA) and stored in the same solution for up to 1 week at Acetylated low density lipoprotein uptake 4°C, prior to immunofluorescent analysis.
To examine the ability of human granulosa cells to rapidly internalize The protocols used for processing paraffin sections have been acetylated low density lipoprotein (AcLDL), cultures of human described previously (Antczak and Van Blerkom, 1997a) .
cumulus and mural granulosa cells grown on coverslips were incubated in standard growth medium (see above) supplemented with Immunofluorescent analysis 10 µg/ml DiI (1,1'-dioctadecyl-3,3,3,3Ј-tetramethylindo-carbocyanine perchlorate)-AcLDL (Biomedical Technologies, Inc., Stoughton, MA, Processed human granulosa cells grown on coverslips, freshly isolated human and murine COC, murine intact follicles and paraffin sections USA) for a period of 4-8 h, at 37°C, in a 5% CO 2 incubator. To determine the ability of human and murine cumulus granulosa cells were examined for their reactivity towards the following primary antibodies, in accordance with previously described protocols to rapidly internalize DiI-AcLDL while still part of freshly isolated COC, these complexes were incubated in standard growth medium (Antczak and Van Blerkom, 1997a,b) : cKit (C-19, 4 µg/ml), Flt-1 (C-17, 2 µg/ml), Tie (C-18, 1-2 µg/ml), Tek (C-20, 1-2 µg/ml) (all (see above) supplemented with 10 µg/ml DiI-AcLDL for 4 h, at 37°C, in a 5% CO 2 incubator. from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and vWF [1:200 dilution (human); 1:100 (mouse)] (Dako Corporation, During these analyses, positive cellular control cultures of HUVEC and murine haemangio-endothelioma cells (EOMA) and negative Carpenteria, CA, USA). In addition, murine COC were examined for cellular control cultures of normal HF, all grown on glass coverslips, Cruz Biotechnology, with several modifications. In brief, at the end of the labelling period, cell cultures were washed three times with were exposed to the same DiI-AcLDL solutions, for the same periods of time, as those utilized during the examination of populations of unsupplemented α-MEM at room temperature then lysed in~1 ml of a PBS solution containing 1% NP-40, 0.5% sodium deoxycholate, human cumulus granulosa cells. At the end of the incubation period, specimens were washed and fixed in preparation for fluorescent 0.1% SDS (RIPA buffer), supplemented with 100 µg/ml phenylmethylsulphonylfluoride and 150 mU/ml aprotinin (all reagents from Sigma) analysis, following procedures recommended by the manufacturer (Biomedical Technologies, Inc.). Results were determined through for 10 min at 4°C. Cell lysates were then triturated through a 26 G needle attached to a 1 ml syringe to completely disrupt all cells and the use of a standard epifluorescent microscope and/or a scanning laser confocal microscope using filter sets optimized for the detection shear genomic DNA. Cell lysates were centrifuged at 600 g for 10 min to pellet cellular debri. Lysates were transferred to fresh 1.5 ml of rhodamine-associated fluorescence.
microcentrifuge tubes, then precleared by the addition of 1. Lysates were incubated with the appropriate agarose conjugates for with infrequent media changes (~1 per week), for extended periods an additional 1 h at 4°C with rocking motion. Non-specific immune of time (2-4 weeks). For human granulosa cells, this activity was complexes were removed from the cell lysates following centrifugation supported in the presence of growth medium consisting of medium for 5 min at 450 g. Lysate supernatants were transferred to clean M-199 (Gibco BRL) supplemented with 10% fetal calf serum (FCS; microcentrifuge tubes and centrifuged two additional times as previGemini Bio-products, Calabasas, CA, USA), 0.7 BSA [fraction V ously described to ensure complete removal of nonspecific immune (cell culture tested); Sigma)], 0.2 mmol/l 2-mercaptoethanol (BME; complex. Cleared lysates were then reacted with specific antibodies Sigma), 5 mmol/l reduced glutathione (Sigma) and 25 µg/ml gentausing either a 1:500 dilution (vWF) or a final antibody concentration micin. For murine cumulus granulosa cells, this activity was supported of 0.2-0.5 µg/ml (CD-31, Flt-1, Tie and Tek) for 1-2 h at 4°C, with in DMEM (high glucose)/F-10 (50/50) (Gibco BRL) supplemented rocking. In all instances, the antibodies used for Western analyses with 10% FCS, and 25 µg/ml gentamicin. The nature of the tubular were the same as those used during immunofluorescent analysis (see tracts that formed under these conditions was more closely examined above for specific details and sourcing). Following reaction with by cross-section analysis. Following formaldehyde fixation of the cell specific antibodies, cell lysates were reacted with 20 µl of the monolayer in its original dish, the sample was embedded in a appropriate agarose conjugate (Santa Cruz Biotechnology, Inc.) for solution of LR White embedding medium (London Resin Company, 1-2 h at 4°C, for isolation of the specific immune complex. Specific Basingstoke, Hampshire, UK), in accordance with the manufacturer's agarose-immune complexes were recovered from cleared lysates by recommended protocols. Semi-thin sections of the embedded cell centrifugation for 5 min at 450 g. The agarose-immune complexes monolayer were cut on a microtome, stained in a toluidine blue were then washed and centrifuged four times (as above) with 1.0 ml solution (Sigma) then analysed and photographed under microscopic of RIPA buffer containing protease inhibitors (prepared as above) to examination.
remove extraneous proteins and debri. Washed immune complexes The development of tubular cellular tracts in cultures of human were resuspended in 50 µl of lysis buffer containing 125 mmol/l cumulus granulosa cells grown on collagen gels was supported by a Tris-Cl (pH 6.8), 20% glycerol, 4% sodium dodecyl sulphate (SDS), growth medium consisting of medium M-199 (Gibco BRL) 1% 2-BME, 100 mmol/l dithiothreitol (DTT) and 10 µg/ml bromosupplemented with 10% FCS, 10% human follicular fluid (0.22 µm phenol blue. Following resuspension, immune complexes were either filtered), 0.7% BSA, 0.2 mmol/l BME, 5 mmol/l reduced glutathione frozen down at -80°C for later analysis or boiled for 5 min prior to and 25 µg/ml gentamicin. Collagen gels were prepared in accordance loading onto 5.0% or 7.5% SDS-polyacrylamide gel electrophoresis with a previously described protocols (Montesano et al., 1983) . For (PAGE) gels for electrophoretic separation. During each analysis the detection of nuclei within the cells forming these structures, the protein molecular weight standards were included to enable sizing of cultures were incubated in solution of 4,6-diamidino-2-phenylindole identified protein bands. Following electrophoresis, proteins were (DAPI) (2.5 µg/ml, final concentration), prepared in the growth transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA) in medium described above, and maintained for 15 min at 37°C. After preparation for immunodetection. Blotted membranes were probed DAPI staining, cultures were washed three times in a solution of with specific antibody solutions directed against the vWF (1:2000 medium M-199 supplemented with 10% FCS, prior to analysis and dilution), CD-31 (1:300-500 dilution), Flt-1 (1-300 dilution) Tie and photography during microscopic examination.
Tek (1:200-300 dilutions) proteins and the proteins were visualized in conjunction with an amplified alkaline phosphatase immunoblot Western blot analysis assay kit (Bio-Rad), following the protocols provided by the manufacImmunoprecipitated antibody complexes prepared from cultures of turer. For detection of the CD-31 protein, filters were reacted with a 35 S-labelled human and murine cumulus granulosa cells were 1:3000 dilution of a donkey anti-goat biotinylated antibody (Chemicon examined by Western analysis for the presence of the vWF, CD-31, International, Inc., Temecula, CA, USA) in association with the Flt-1, Tie and Tek proteins.
previously mentioned immunoblot assay kit. For the analysis of vWF, CD-31, Flt-1, Tie and Tek proteins, human and murine cumulus granulosa cells were grown for 24-48 h in the presence of methionine-free α-minimum essential medium
Results
(αMEM) medium (Irvine Scientific Inc., Santa Ana, CA, USA)
The findings described below were obtained from the analysis supplemented with 10% FCS, 0.0 to 2.0 U/ml human chorionic of cumulus granulosa cells derived from 38 IVF patients and gonadotrophin (HCG), 10 µg/ml gentamicin and 100 µCi/ml [ 35 S] the mural granulosa cells derived from 26 IVF patients; seven methionine. Immunoprecipitation of the vWF, CD-31, Flt-1, Tie and Tek proteins was conducted using a protocol obtained from Santa cultures from both these groups represented cumulus and mural granulosa cells derived from the same patients. In addition, cells which stained positively for the Tie (n ϭ 41) and Tek (n ϭ 44) proteins. the cumulus granulosa cells associated with 23 human and 313 murine, intact, freshly isolated COC were also examined.
Approximately 50-70% of the cells in dispersed cultures of human cumulus and mural granulosa stained positively for the All human cumulus granulosa cells examined during this investigation were derived from COC similar to that shown in Tie and Tek proteins, Figure 1I , I2 and L, L2, respectively, following 1-7 days of in-vitro culture. A similar percentage Figure 1A , complexes that contained minimal red blood cell contamination. During the analysis of cells in their original of positively stained cells was associated with human and murine COC examined for the presence of the Tie and Tek in-vivo context (COC), outer cells of human and murine complexes, those beyond the limits of the broken white circle proteins by immunofluorescent detection. Poorly or unstained cell populations could also be identified in each of these shown in Figure 1A (white arrow), were removed by limited hyaluronidase treatment. This enzymatic 'trimming' procedure specimens. These variably stained subpopulations are readily apparent in the images of human COC stained for the Tie and ensured efficient penetration of antibodies or DiI-AcLDL to follicle cells most proximal to the oocyte.
Tek proteins as shown in Figure 1G and K. In these figures, black asterisks are used to denote regions with brightly stained To prevent the presentation of redundant information in this report, murine results are cited but not shown, with the cells and white asterisks are used to denote regions with poorly or unstained cells. exception of those results that provide novel contributions to the analyses.
Tie and Tek immunofluorescence was associated with cells of the cumulus oophorus and corona radiata in both the human Internalization of AcLDL and mouse, as illustrated in Figure 1G and K, in the human. In the human COC stained for Tek shown in Figure 1K ; slender, Cultures of dispersed human cumulus (n ϭ 16) and mural granulosa cells (n ϭ 4) and freshly isolated, intact, human brightly stained, cellular processes can be seen extending from cells of the corona radiata into the zona pellucida (white (n ϭ 2) and murine COC (n ϭ 7) were examined for their ability to rapidly internalize DiI-AcLDL. In each culture or arrowheads).
During each analysis, a portion of the human and murine freshly isolated COC examined, human and murine granulosa cells stained brightly positive, and at high frequency (60 to samples examined were assayed for levels of associated nonspecific antibody interaction and background fluorescence Ͼ80%), for this activity. The remainder of the population stained to a lesser extent. Representative images of AcLDL (antibody control analyses). Representative results from these analyses are shown in Figure 1N , for human COC; Figure 1O , uptake by human cumulus granulosa cells examined as part of a freshly isolated COC and as dispersed human cumulus for human cumulus granulosa; and Figure 1O2 , for human mural granulosa cells. Only low-level, non-specific antibody and mural granulosa cells grown in culture are shown in Figure  1B Figure 1E ) and a murine endothelial cell line, EOMA (Obeso et al., 1990) served as protein associated with freshly isolated follicles derived from the ovaries of mice at 1 week of age is shown in Figure 1P , positive cellular controls. Uptake of DiI-AcLDL by these positive control cultures displayed a pattern of staining similar this image represents an internal region of the specimen. A major portion of the follicle precursor cells associated with to that observed in cumulus granulosa cells (compare results in Figure 1C and D with those shown in Figure 1E ). Cultures the primordial follicle shown in Figure 1P , stained brightly for the Tek protein (white arrows), while a relatively minor portion of normal human fibroblasts (HF), which served as negative cellular controls during these analyses, failed to show rapid stained poorly (white asterisk). The level of non-specific antibody interaction and backinternalization of DiI-AcLDL [ Figure 1F (1F2, white light image of 1F)], under the conditions of the assay. Zona-enclosed ground fluorescence associated with intact follicles derived from 1 week old mice, during antibody control analyses, is oocytes present in each of the human and murine COC examined failed to demonstrate rapid DiI-AcLDL internalizshown in Figure 1T2 . Only signals of low intensity were detected. ation (Oc, Figure 1B ).
Immunofluorescent analysis of the Tie and Tek proteins was Tie and Tek immunodetection also conducted on paraffin sections prepared from murine ovaries recovered 11 h post HCG, from mice undergoing an Freshly isolated human COC and dispersed cultures of human cumulus and mural granulosa contained cells that stained ovulation induction regimen. During these analyses, individual sections of the same preovulatory follicle were immunostained positively for the Tie [COC (n ϭ 2), Figure 1G , H (H is an internal portion of 1G); cumulus granulosa cultures (n ϭ 19), for the Tek protein and non-specific control antibodies. Results from these studies clearly showed positive Tek immuno- Figure 1I ; mural granulosa cultures (n ϭ 12), Figure 1I2 ] and Tek [COC (n ϭ 2), Figure 1K ; cumulus granulosa cultures reactivity among the cells of the cumulus oophorus and corona radiata ( Figure 1Q ). In Figure 1Q , white arrows are used to (n ϭ 18), Figure 1L ; mural granulosa cultures (n ϭ 12), Figure  1L2 ] proteins. Freshly isolated murine COC also contained direct attention towards the thin cellular processes extending from cells of the corona radiata into the zona pellucida; these HCG are shown in Figure 1R and S. In Figure 1R , bright Tiespecific immunofluorescence is almost exclusively associated cellular processes also stained positively for the Tek protein.
Results obtained following immunodetection of the Tie protein with the four individual follicles present within the specimen (white arrows). Figure 1S shows the distribution of the Tie in paraffin sections prepared from murine ovaries 11 h post protein among the granulosa cells of an early antral follicle as cultured human cumulus ( Figure 2E ) and mural granulosa cells ( Figure 2E2 ) and the human ( Figure 2D ) and murine cumulus well as the distribution of the protein within the neighbouring thecal and stromal tissues along one side of the same granulosa cells associated with freshly isolated COC stained positively for Flt-1 protein. follicle. Bright Tie-specific immunofluorescence was almost exclusively associated with the cells located within individual A portion of the human and murine samples allotted for examination with antibodies directed against the cKit and Flt-1 follicles [ Figure 1R , S (black asterisk)]. In Figure 1S , it should be noted that these positively stained cells are located both proteins were analysed for levels of associated non-specific antibody interaction and background fluorescence. Representawithin the cumulus granulosa and the mural granulosa (black asterisk).
tive results from these antibody control analyses are shown in Figure 2M , for human COC; Figure 1O , for human cumulus In all paraffin sections examined, although fine points of Tie-and Tek-specific immuno-fluorescence were scattered granulosa; and Figure 1O2 , for human mural granulosa cells. Only low-level, non-specific antibody interaction and backthroughout the extrafollicular tissues, in general, thecal and ovarian stromal tissues stained poorly for these proteins (see ground fluorescence were detected in each case.
To confirm the specificity of the antibodies used for cKit white asterisks, Figure 1R, S) .
The level of non-specific antibody interaction and backand Flt-1 immunodetection in the human granulosa cells and murine COC examined, these antibodies were preincubated ground fluorescence associated with paraffin sections of murine ovaries, during antibody control analyses, is shown in Figure  with blocking peptides prior to the analysis of populations of human and murine granulosa cells. Blocking peptide pre-1T. Virtually no signal was detected, under the conditions of the analysis.
incubation eliminated signal detection from the cKit and Flt-1 antibodies in cultures of human cumulus granulosa cells (cKit, To confirm the specificity of the antibodies used for Tie and Tek immunodetection, these antibodies were preincubated with Figure 2C ; Flt-1, Figure 2C2 ) and the cumulus granulosa cells associated with murine COC. blocking peptides (the peptide sequences used to generate the antibodies) prior to the analysis of populations of human Preliminary examinations of murine COC using dual staining analysis suggested that, in general, the subpopulations of cells and murine granulosa cells. Blocking peptide preincubation eliminated signal detection from the Tie and Tek antibodies in which stained positively for the Tek protein were also those which stained positively for Tie, Flt-1 and cKit proteins. dispersed cultures of human cumulus granulosa cells (Tie, 1J; Tek 1M) and in cumulus granulosa cells associated with During these analyses the non-stained cell subpopulation did not appear to be reactive to any of the endothelial cellmurine COC.
related antibodies examined as opposed to representing a cKit and Flt-1 immunodetection subpopulation which was reactive to some but not all of those antibodies. Freshly isolated human COC and dispersed cultures of human cumulus and mural granulosa contained cells which stained vWF and CD-31 immunodetection positively for cKit [COC (n ϭ 3), Figure 2A ; cumulus granulosa cultures (n ϭ 7), Figure 2B ; mural granulosa cultures Freshly isolated human COC (n ϭ 7) ( Figure 2F , G) and dispersed cultures of human cumulus (n ϭ 16) ( Figure 2H ) (n ϭ 7), Figure 2B2 ] and Flt-1 [COC (n ϭ 3), Figure 2D ; cumulus granulosa cultures (n ϭ 15), Figure 2E ; mural and mural granulosa (n ϭ 14) ( Figure 2H2 ) contained cells which stained positively for the vWF protein. Freshly isolated granulosa cultures (n ϭ 17), Figure 2E2 ] proteins. Freshly isolated murine COC also contained cells which stained murine COC also contained cells which stained positively for the vWF protein (n ϭ 9) and, in addition, the CD-31 protein positively for the cKit (n ϭ 38) and Flt-1 (n ϭ 32) proteins.
In Figure 2A , corona radiata cells, positioned directly on (n ϭ 54) ( Figure 2K , L). Representative examples of each of these results are described below. CD-31 immunodetection the surface of the zona pellucida (ZP), were stained brightly (white arrows) for cKit protein, following immunofluorescent was not conducted with human COC or granulosa cells. In the human COC stained for the vWF protein shown in analysis of the freshly isolated human COC. The anchoring process of one of these cells is clearly visible and stained Figure 2F , numerous brightly stained cumulus granulosa cells are seen in close proximity to the zona pellucida and the positively for cKit protein (left arrow, Figure 2A ). In dispersed cultures of human cumulus and mural granulosa,~50-70% of oocyte. In the human COC immunostained for the vWF protein shown in Figure 2G , a complex which includes a GV-stage the cells stained positively for the cKit protein; examples of these human results are shown in Figure 2B and 2B2, oocyte (GV), the brightly stained body of a corona radiata cell can be seen projecting from the surface of the zona pellucida respectively. A roughly equivalent percentage of the granulosa cells associated with freshly isolated human and murine COC (ZP) (white arrow A). A cellular process extending from the body of this cell into the zona pellucida also stained brightly also stained positively for cKit protein.
In the human COC immunostained for the Flt-1 protein and for the vWF protein (white arrow B, Figure 2G ). As shown in Figure 2G -H2, the vWF protein was located within the shown in Figure 2D , follicle cells in the vicinity of the zona pellucida (ZP) and oocyte (Oc) stained brightly for the Flt-1 cytoplasm and excluded from the nucleus of positively stained granulosa cells. In general,~50-70% of the granulosa cells in protein (white arrows). On the basis of their relative positions with respect to the oocyte and zona pellucida, these Flt-1 cultured human cumulus and mural granulosa cells as well as those associated with human and murine COC stained positive follicle cells are derived from both the corona radiata and cumulus oophorus ( Figure 2D ). In general, 50-70% of the positively for the vWF protein by immunofluorescent detection. , N) , following respective analysis. Images were created by scanning laser confocal microscopy (A, D, E, F-H, K-N), and conventional white light microscopy (J2) or standard epifluorescent microscopy (B-C2, E2, H2-J). Loss of specific protein recognition is shown for the cKit (C), Flt-1 (C2) and CD-31 (L2) antibodies following preincubation with blocking peptides. I2, M, N show representative images obtained during antibody control analyses in HUVEC cells, human COC and murine COC, respectively. Oc ϭ oocyte; ZP ϭ zona pellucida; GV ϭ germinal vesicle; black asterisk ϭ brightly stained cells, white asterisk ϭ poorly stained cells. (In G, arrow A points to brightly stained body of a corona cell seen projecting from the surface of the zona pellucida, and arrow B points to a cellular process from this cell extending into the zona pellucida.)
During vWF protein analysis, cultures of HUVEC and HF vWF protein in HUVEC and HF. Human endothelial cells showed a pattern of vWF protein staining similar to that were also examined for the presence of the vWF protein by immunodetection and served as positive and negative cellular detected in cultures of human cumulus and mural granulosa cells, primarily a distribution of the protein throughout the controls, respectively. Figure 2I and J shows representative results obtained following immunofluorescent analysis of the cytoplasm of the cell ( Figure 2I ). However, some of the vWF-specific staining observed in cultures of HUVEC was associated arrows). Some of these tubular tracts extended for several millimetres in length; the portion of the tubular tract shown with rod-like structures, Weibel Palade bodies (Weibel and Palade, 1964) , which were not detected in cultures of human in Figure 3B1 is~450 µm long (black arrowheads). To confirm that the tubular tracts observed in these cultures were capillarygranulosa cells, either because these structures do not exist in human granulosa cells or they were too small to be easily like in nature, portions of the cultures shown in Figure 3B1 and B2 were examined in cross section. Following these detected. Cultures of human fibroblasts immunostained for the vWF protein failed to show any vWF-associated immunoanalyses, the tubular regions observed were seen to consist of hollow, membrane bound voids insinuated between neighfluorescent signal ( Figure 2J ). Figure 2J2 shows the corresponding white light image of the culture shown in Figure 2J .
bouring cells of the monolayer (black arrows, Figure 3C1 and C2). Near the walls of the well containing this high density Representative images depicting the levels of non-specific antibody interaction and background fluorescence associated human cumulus granulosa cell culture grown on plastic, individual cells organized to form a net-like cellular formation with the analysis of the vWF protein in human COC, human cumulus granulosa, human mural granulosa and HUVEC cells, reminiscent of a plexus as shown in Figure 3D1 (black arrows). Similar, more mature, structures consisting of a network of during antibody control analyses, are shown in Figures 2M,  1O , 1O2 and 2I2 respectively. Virtually no signal was detected, interconnecting tubular tracts were positioned at other locations along the walls of the same dish, as shown in Figure 3D2 under the conditions of the analysis.
Results obtained following immunofluorescent analysis of [white arrow (because of the 3-dimensional nature of this tubular network only a relatively small portion was in focus the CD-31 protein among granulosa cells associated with murine COC are shown in Figure 2K and L: a portion of the within a particular plane of examination)]. The formations in Figure 3D1 and D2 were largely suspended and free of granulosa cells positioned directly on the surface of the zona pellucida, cells of the corona radiata, as well as those positioned substrate attachment with the exception of cells anchored to the walls of the dish on one side and cells firmly attached to one or two cell layers beyond, cells of the cumulus oophorus, stained brightly for the CD-31 protein (black asterisks). Other the base of the dish on the opposing side.
To further examine the ability of human granulosa cells to similarly positioned subpopulations of these cells stained poorly for the CD-31 protein (white asterisks, Figure 2K , L).
display tube-forming ability and to analyse these capabilities under conditions designed to more closely parallel those In the GV-stage (GV) murine COC shown in Figure 2L , the majority of the cells associated with one hemisphere of the experienced by these cells in vivo, human cumulus and mural granulosa cells were grown on collagen gels or Matrigel in specimen were physically removed just prior to sample fixation (white arrow). The broken cellular processes that remained in the presence of 10% follicular fluid. Under these conditions, cumulus and mural granulosa cells associated to form tubular this region, embedded in the zona pellucida, stained positively for the CD-31 protein (white arrow, Figure 2L) . structures of greater girth than those formed by monolayer cultures grown on plastic and they did so more quickly (~14 Roughly 50-70% of the cumulus granulosa cells associated with murine COC examined stained positively for the CDdays). Representative examples of these tubular structures, formed by human cumulus granulosa cells grown on the 31 protein.
A representative image showing the levels of non-specific surface of collagen gels (white asterisk), are shown in Figure  3E (arrows, white and black). The nuclei of the individual antibody interaction and background fluorescence associated with the analysis of the CD-31 protein in murine COC cells engaged in the formation of these tubular structures were visualized by DAPI staining and subsequent examination under (antibody control analyses) is shown in Figure 2N . Only signals of very low intensity were detected. epifluorescent illumination ( Figure 3F , white arrows). Media supplementation with 10% follicular fluid was required to Blocking peptide preincubation of the CD-31 antibody prior to analysis of the CD-31 protein in granulosa cells associated support tube formation in low-density human granulosa cell cultures. with murine COC virtually eliminated a detectable immunofluorescent signal, as shown in Figure 2L2 Figure 4A . As shown in Figure 3A (black arrows) each culture of ovulated murine cumulus granulosa cells maintained on basal growth More specifically, an aliquot of standard growth medium supplemented with 10% FCS, prior to use in cell culture, was medium for 2-3 weeks, without passage, consistently formed tubular structures when grown on tissue culture plastic. Cultures run in lane 4A1 without immunoprecipitation. A single protein species consistent with the 220-225 kDa secreted form of the of human cumulus granulosa cells maintained at high density, on basal growth medium, for several weeks without passage, bovine vWF protein (Lynch et al., 1983a) was visualized following immunodetection. Autoradiographic analysis of the occasionally developed branched, anastomosed, tubular tracts which coursed throughout the monolayer. Examples of a human results from lane 4A1 detected no radioactive bands, as expected (lane 4A2). Results obtained following Western cumulus granulosa cell culture engaged in this activity are shown in Figure 3B1 (black arrowheads) and 3B2 (black analysis of vWF-specific protein immunoprecipitates derived proteins were obtained in each case and those bands were identified as radioactive, following autoradiographic analysis, 176 and 140 kDa (Zimmerman et al., 1986) . Levels of protease inhibitors in the immunoprecipitation buffers used during the as shown for: (i) CD-31,~130 kDa, (Xie and Muller, 1993) , arrow, lane 4B1; radioactive band, arrow, lane 4B2; (ii) Fltanalyses may have been inadequate to completely arrest activities of proteolytic proteins released from the cumulus 1,~180 kDa (Seetharam et al., 1995) , arrow, lane 4C1; radioactive band, arrow, lane 4C2; (iii) Tek,~140 kDa (Ziegler granulosa cells and/or present in the whole cell lysates. These proteolytic proteins may be responsible for the~190 kDa et al., 1993), arrow, lane 4D1; radioactive band, arrow, lane 4D2; (iv) Tie,~130 kDa (Hashiyama et al., 1996) , arrow, lane protein appearing in lanes 4A3, 4A4 and 4A5 (asterisks) and the~170 kDa protein appearing in lanes 4A3 and 4A5 4E1; radioactive band, arrow, lane 4E2. (closed circles).
All vWF results shown were derived from individual samples run on the same SDS-PAGE gel or subsequent autoradiographic Discussion analysis of the individual filter strips derived from that gel.
The endothelial-like character of follicle cells Representative results obtained following immunoprecipitation and Western analysis of radiolabelled human and This study was designed to test the hypothesis that follicular granulosa cells might represent a specialized endothelialmurine granulosa cell lysates for the CD-31, Flt-1, Tek and Tie proteins are shown in Figure 4 , lanes B1-E2, respectively. like cell population. Results derived from immunofluorescent analysis and the examination of rapid AcLDL uptake in these The 'purity' of preovulatory granulosa cell populations cells demonstrated the following points. (i) High numbers of We recognize that the human and murine granulosa cells human and murine cumulus and mural granulosa cells (~50 to analysed during this investigation, and in particular the cultures Ͼ80%, combined total) stained positively for each of the of human mural granulosa cells examined, may have been markers examined (Tie, Tek, cKit, vWF and contaminated to a low extent with cells of extrafollicular rapid AcLDL uptake). (ii) In human and murine COC, cells origin. For example, in 1991, Beckmann et al. determined of the cumulus oophorus and corona radiata stained positively that 15-17% of the cells associated with freshly isolated for each of the markers examined. In most cases, thin processes preparations of human ovarian granulosa cells were derived extending from cells of the corona radiata were stained from white cell contaminants introduced as a result of follicle positively and embedded in the surface of the zona pellucida.
puncture during oocyte retrieval. These contaminants were This particular relationship, displayed by immunopositive cells found to consist of Ͻ2% polymorphonuclear leukocytes,~6% among the innermost layer of follicular granulosa cells, is a macrophage/monocytes and~10% lymphocytes (Beckmann unique and defining characteristic of the cells of the corona et al., 1991) . Similar results were obtained during the analyses radiata (Van Blerkom and Motta, 1979) . It is not the behaviour of macrophages associated with freshly isolated human of an extrafollicular (outside the basal lamina of the follicle) granulosa cells (Machelon et al., 1995) , or white cell contribucell contaminant. (iii) In paraffin sections of murine ovary, tions to the total number of cells recovered from the follicular the granulosa cells (mural and cumulus granulosa) within fluids of IVF patients (Loukides et al., 1990; Baranao et al., individual, intact follicles stained brightly for the Tie and Tek 1995) . However, it is implausible that the majority of the data proteins; in general, thecal and ovarian stromal tissues stained generated during this study was the result of this contamination poorly for both proteins. the cells in cultures of mural granulosa and none of the cells in cultures of cumulus granulosa were found to stain positively produced by the follicle cells of the corpus luteum, hormones designed to support the events of early pregnancy. (unpublished observation). VCAM, a marker of cytokinestimulated endothelial cells (Haraldsen et al., 1996) proteins and the ability to rapidly internalize AcLDL were associated with granulosa cells derived from both growing Not only were human and murine cumulus granulosa cells (containing GV-stage oocytes) and mature follicles. During capable of engaging in tube-forming activity, when maintained the analysis of intact follicles derived from the ovaries of 1 at high cell density, they were able to do so in the absence of week old mice, the Tek protein was identified among the exogenous factor addition, with the exception of those factors pregranulosa cells of primordial follicles. This particular time present in the FCS (10%). Structures similar to those shown interval is relatively close to the developmental period in here can be formed by high density cultures of bona fide which ovarian follicles are formed in the mouse. In this regard human endothelial cells [compare Figures 3B1 and B2, C1 it is important to note that the Tek protein has been postulated and 2, and D1 and D2 in this report, with Figures 1a-d, 4a to mark embryonic progenitors of mature endothelial cells and 3a in Folkman and Haudenschild (1980) respectively], in (Dumont et al., 1992) . Additional studies are required to roughly the same period of time (~3 weeks). However, these determine precisely when expression of the Tie, Tek, cKit, bona fide endothelial cells required substantial growth factor Flt-1, CD-31 and vWF proteins first begins among the supplementation, including 5.4 mg/ml endothelial cell granulosa cells of the follicle or their predecessors. growth supplement (ECGS) (as described by Folkman and Haudenschild, 1980) , to support this activity. This is an Potential clinical relevance of the endothelial cell-like important distinction. It demonstrates not only that granulosa character of granulosa cells cells are capable of engaging in the formation of tubular tracts
The endothelial-like character of follicle cells may underlie or structures under the appropriate vascular influences in vitro, specific forms of follicular pathology, among them diseases but also that granulosa cells are capable of providing those involving the failure to develop a fully functional corpus putative vascular influences under the conditions of culture luteum. Some forms of follicular pathology may result from described here.
an inability of granulosa cells to produce or respond to specific Results obtained during this investigation demonstrated vascular elements (effector and/or receptor molecules) at that a substantial percentage of follicle cells possess both particular times or in particular locations during development steroidogenic and endothelial cell-like characteristics/potenof the follicle. Over-expression of overt endothelial cell-like tials. These results included those derived during the analysis behaviour(s) by the granulosa may result in other forms of of: (i) rapid AcLDL uptake (a marker for steroidogenic activity follicular disease, e.g. ovarian hyperstimulation syndrome. If (Chen and Menon, 1993) and endothelial character (Voyta abnormalities in the endothelial-like character of granulosa et al., 1984) , (ii) expression of the Tie, Tek and Flt-1 (Tie and cells are the underlying cause in certain forms of follicular Tek, Dumont et al., 1993; Flt-1, Peters et al., 1993) proteins, disease, additional studies may suggest particular strategies and (iii) tube-forming ability in vitro. Based on all of these for intervention and successful remediation. results, and in particular the ability of follicle cells to form Careful consideration of the endothelial-like behaviours of tube-like structures in vitro, we propose that a portion of the follicular granulosa cells may provide fundamental insights steroidogenic cells of the follicle might be capable of some into the mechanics and operational strategies that underlie form of de-novo vessel formation in vivo. Following the various ovarian follicular functions, at all points along its manifestation of both of these capabilities, vasculogenic/ development. Additional efforts are required to further support steroidogenic granulosa cells would then be positioned to and substantiate the possibility that follicle cells may directly secrete the products of their steroidogenic activities directly participate in corpus luteum formation by way of their expresinto the lumens of the very same vessels to which they sion of an inherent vasculogenic potential. For example, efforts contribute. The products of this granulosa cell-based vasculoto determine whether human cumulus granulosa cells and bona genic activity might then integrate with incoming vessels from fide human endothelial cells can successfully interact to form the thecal tissues, in the vicinity of the follicular rent provided hybrid tubular structures are currently in progress. These by ovulation. The intermingling and association of granulosa efforts, when accomplished, may further substantiate and and thecal endothelial cells during early formation of the provide an additional basis and rationale for the endothelialcorpus luteum may partially explain the finding that the corpus like nature of follicle cells, as presented in this report. luteum is composed of distinct subpopulations of endothelial cells (Spanel-Borowski and van der Bosch, 1990) . The integration of granulosa cell vasculogenic activity and thecal Acknowledgement endothelial cell angiogenic activity may establish the conduit This work was supported by a grant from the National Institutes of Health (HD31907).
required for the systemic release of the essential hormones
